Mice lacking both of the best-known platelet ligands, von Willebrand factor and fibrinogen, can still form occlusive thrombi in injured arterioles. The platelets of these animals accumulate excessive amounts of fibronectin (FN). These observations led us to examine the contribution of plasma FN (pFN) to thrombus formation. Inactivation of the FN gene in FN conditional knockout mice reduced pFN levels to <2% and platelet FN to Ϸ20% of the levels in similarly treated control mice. The mice were then observed in a model of arterial injury to evaluate their capacity to form thrombi. The deficiency of pFN did not affect the initial platelet adhesion, but a delay of several minutes in thrombus formation was observed in the arterioles of pFN-deficient mice as compared with control mice. The thrombi that formed in the absence of pFN were stably anchored to the vessel wall but continuously shed platelets or small platelet clumps, thus slowing their growth significantly; the platelet͞platelet cohesion was apparently diminished. Consequently the occlusion of pFN-deficient vessels was delayed, with the majority of vessels remaining patent at the end of the 40-min observation period. We conclude that, in addition to von Willebrand factor and fibrinogen, FN plays a significant role in thrombus initiation, growth, and stability at arterial shear rates and that deficiency in each of the three platelet ligands has its own specific impact on platelet plug formation.
V
on Willebrand factor (vWF) and fibrinogen are generally considered the most important ligands supporting platelet thrombus formation and thrombus growth to an occlusive size.
In an intravital microscopy model of arteriolar injury induced by ferric chloride (1, 2), we tested the importance of these ligands in vivo. Animals deficient in both vWF and fibrinogen showed delayed thrombogenesis but, surprisingly, occlusive thrombi still formed in 73% of the injured arterioles either at the site of injury or downstream (2) . Mice deficient only in fibrinogen actually showed no apparent defect in thrombus growth, except in stability of large thrombi, suggesting an important role of fibrinogen͞fibrin in stably anchoring the thrombus to the vessel wall (2) . Similar observations were obtained in a perfusion chamber at high shear by using blood from afibrinogenemic patients (3, 4) . In contrast, analyses in the same thrombosis model of mice deficient in ␤3 integrins show a complete absence of thrombus formation (unpublished data). Thus there appears to be another prominent ligand(s) of ␤3 integrins beside vWF and fibrinogen that mediates thrombus growth.
When we examined platelets deficient in fibrinogen (2), we found that the fibronectin (FN) content of these platelets was Ͼ3-fold increased over WT platelets, suggesting that FN might be implicated in thrombus formation in the absence of fibrinogen and perhaps even when fibrinogen is present. In contrast, the levels of other adhesion molecules interacting in vitro with platelets, thrombospondin 1 and vitronectin, were not elevated in the fibrinogen-or vWF͞fibrinogen-deficient platelets (2) . We have examined mice deficient in thrombospondin 1 (5) in our thrombosis model and found no obvious defects (H.N., unpublished observations). Mice deficient in vitronectin have been reported to display enhanced thrombosis (6) but also decreased stability of the occlusive thrombi (7) . Thus the role of vitronectin in thrombosis needs further clarification.
Early studies of potential involvement of FN in platelet adhesion and͞or aggregation were suggestive but inconclusive (reviewed in refs. 8 and 9). Plasma FN (pFN) is present at Ϸ0.5 M, corresponding to 300 g͞ml in humans and an even higher concentration in mice (580 g͞ml) (10) . FN becomes incorporated into blood clots and FN is a known ligand of ␣IIb␤3 integrin. Platelet ␣-granules contain FN that is released on platelet activation and some is retained at the platelet surface (8, 9) . These data all suggest that FN could play a role in platelet thrombosis. This possibility has been difficult to evaluate in the in vivo situation because ablation of the FN gene causes embryonic lethality (10) . However, the recent generation of FN conditional knockout mice (11) allowed us to address the role of pFN in platelet plug formation in vivo and to show that FN is indeed an important factor in this process.
Materials and Methods
Mice. Mice with part of the FN gene flanked by LoxP sites and containing the Mx-cre transgene have been described (11) . The mice were rederived in the Department of Comparative Medicine facility at the Massachusetts Institute of Technology and shown to be free of pathogens, and a colony of FN f lox ͞FN f lox ;Mxcre ϩ/Ϫ mice was established. The experimental mice were littermates obtained from intercrosses of these mice. Platelet donors were adult mice (Ͼ5 weeks old) that were injected i.p. three times with 250 g of poly inosine-poly cytosine (polyI-polyC) (Sigma), with 2 days between injections. Blood was collected at least 3 days after the final injection. Recipient mice were young mice injected when they were 19, 21, and 23 days old with 200 g of polyI-polyC. Intravital microscopy was performed on animals 25-28 days old, weighing 13-18 g. All animals were treated with polyI-polyC, and their pFN levels were determined. The experimental procedures were performed at the Center for Blood Research and the Massachusetts Institute of Technology and approved by the respective Animal Care and Use Committees.
Genotyping. Genotyping was performed before experiments so that recipient and donor mice could be matched. DNA from mouse tail biopsies was amplified by PCR using AACATGCT-TCATCGTCGG (cre forward)͞TTCGGATCATCAGCTA-CACC (cre reverse) or GTACTGTCCCATATA AGCCTCTG Abbreviations: FN, fibronectin; pFN, plasma FN; vWF, von Willebrand factor; polyI-polyC, poly inosine-poly cytosine.
(FN forward)͞CTGAGCATCTTGAGTGGATGGGA (FN reverse) as primers.
Intravital Microscopy. Intravital microscopy was performed and data were analyzed as described (2, 12) . Briefly, blood was collected by inserting a heparin-coated glass capillary tube (Drummond Scientific, Broomall, PA), cut to a length of 1.5 cm, into the retroorbital vein of platelet donor mice at least 5 weeks old. The animals were anesthetized to prevent pain and discomfort and killed at the end of the procedure. Mouse platelets were isolated from platelet-rich plasma by gel filtration on a Sepharose 2B column and were labeled fluorescently with calcein acetoxymethyl ester (Molecular Probes). This procedure does not activate ␣-granule release because purified platelets do not stain for P-selectin. Recipient mice (25-28 days old) were injected in the lateral tail vein with fluorescently labeled platelets (5 ϫ 10 6 ͞g) of matching genotype. The mice were anesthetized, and the mesentery was exteriorized through a midline abdominal incision. Arterioles were visualized with a Zeiss Axiovert 135-inverted microscope (ϫ32, 0.4 numerical aperture; Zeiss) and behavior of the fluorescent platelets was recorded on videotape. FeCl 3 (30 l of a 250 mM solution) was applied topically to a section (Ϸ2-5 mm in length) of an arteriole, which induced vessel injury and denudation of the endothelium (2, 13). Vessels were monitored for 40 min after injury or until full occlusion occurred (blood flow stopped) and lasted for Ͼ10 s. In all experiments, one arteriole was chosen in each mouse. Shear rate was determined by the centerline erythrocyte velocity and the diameter of the vessel as described (1).
Detection of FN. Detection of FN was by Western blotting of 1-4 ϫ 10 7 platelets or 0.1-1.0 l of plasma separated on reducing SDS-polyacrylamide gels. After transfer to nitrocellulose, FN was detected by using a rabbit polyclonal antiserum (297.1) against rat FN diluted 1:2,000 followed by chemiluminescence or 125 I-labeled goat anti-rabbit IgG (Amersham Pharmacia). Plasma and platelet samples were analyzed in parallel with serial dilutions of WT plasma to quantitate the relative levels of FN present by using a PhosphorImager.
Statistical Analysis. Data are presented as mean Ϯ SEM. Statistical significance was assessed by unpaired Student's t test.
Results and Discussion
Induction of FN Gene Inactivation. All mice were treated with polyI-polyC to induce the endogenous production of interferons and thus activate the Mx promoter and inactivate the FN gene in animals containing the Mx-Cre transgene. The efficiency of depletion of pFN was determined in each animal. pFN was very effectively eliminated in the older donor mice that were crepositive and was below the level of detection in the plasma of these mice as observed (11) . In mice lacking the Mx-cre transgene, pFN levels were indistinguishable from WT. The FN excision was slightly less efficient in the very young recipient mice but in all mice used in our study pFN was Ͻ2% of WT levels in the plasma (Fig. 1) . Mx-cre-induced reduction of platelet FN was somewhat less effective, as reported (11) . In our experiments, residual platelet FN in the recipient mice was typically Ϸ20% of WT levels. Because platelet FN represents only Ϸ1% of the level of pFN (8, 9 ) the overall depletion of FN in the blood of Mx-cre ϩ mice was Ͼ97%.
Intravital Microscopy. Platelets were purified from donor mice, fluorescently labeled, and injected via the tail vein into recipient mice of the same genotype. Fluorescent platelets represented 5-10% of the endogenous platelets. The mice were then pre- Fig. 1 . Determination of FN levels in plasma of FN flox/flox mice after treatment with polyI-polyC. Shown are two dilutions of plasma from two pairs of young recipient mice with or without the Mx-cre transgene, compared with a serial dilution of plasma from WT mice (Right) untreated with polyI-polyC. Note that the cre Ϫ mice are indistinguishable from WT, whereas the cre ϩ mice showed very low levels of FN. Quantitation of such gels showed that the signal in 1:50 dilution of WT plasma was stronger than that of undiluted cre ϩ samples. Thus the cre ϩ mice had levels of fibronection Ͻ2% of WT. Fig. 2 . Thrombus growth in the presence or absence of pFN. Times after FeCl3-induced injury are indicated in bold. In the control mouse (Upper) and the pFN-deficient mouse (Lower), single fluorescent platelets are seen to adhere in the arterioles at 3 min after injury. Whereas in the control vessel large stable thrombi grew (15 min), leading to occlusion at 22 min, only very small thrombi were apparent at 15 min in the pFN-deficient animal, and at termination of the experiment (40 min) the vessel was still patent. The lack of stability of the thrombus formed in the pFN-deficient mouse is better observed in Movie 1, where the two arterial segments are shown in real time.
pared for intravital microscopy. We analyzed platelet thrombus formation at arterial shear rates as this provides stringent conditions under which an adhesion deficit should become more apparent (Fig. 2) . The shear rates in the arterioles measured before injury were similar for the two genotypes (1,161 Ϯ 65 s Ϫ1 for pFN-positive mice and 1,244 Ϯ 64 s
Ϫ1
for pFN-deficient animals, P ϭ 0.38). Ferric chloride was used to induce the arteriolar injury. Ferric chloride generates free radicals (13) that seriously damage the endothelium and expose subendothelial matrix to the blood stream within 2 min of application (2) . The intravital microscopic observations were recorded and data were analyzed by an observer blinded to the genotype of the animals.
Early Platelet Adhesion. Shortly after the endothelial injury, platelets began to adhere to the vessel wall and these interactions were mostly transient (Fig. 2) . The numbers of single adherent platelets per min, determined in the interval 3-5 min after the injury, were not significantly affected by the absence of pFN (Fig.  3) . Tissue FN is not expected to be reduced by the polyI-polyC treatment (11), consistent with our observations. Thus, pFN is not necessary for the early platelet vessel wall adhesion at high shear rate, which is a function primarily attributed to vWF (14) . In the absence of vWF a much delayed platelet adhesion still occurs (2), and we cannot exclude that FN along with other basement membrane components might contribute to this process.
Thrombus Formation. Several minutes after the injury, platelets started to adhere more stably to the vessel wall and the first aggregates formed (Fig. 2) . We noted that the aggregate formation was significantly delayed in pFN-deficient mice and that the thrombi increased in size slowly as they grew and dissolved simultaneously (see Movie 1, which is published as supporting information on the PNAS web site, www.pnas.org). For each animal we measured the time from injury to formation of a thrombus of Ͼ20 m in diameter (Fig. 3) and found that for the pFN-deficient mice this period was 8 min longer than for the mice with normal pFN content (pFN-positive 10.7 Ϯ 2.9, pFNdeficient 18.6 Ϯ 1.9 min). There was little embolization of large thrombi (Ͼ30 m in diameter, Fig. 3 ) in either group (Ͻ1 embolus per mouse per observation period). Thus the pFNdeficient thrombi, although in a constant state of flux, were well anchored to the vessel wall. This finding was in sharp contrast with fibrinogen-deficient arterioles where we observed close to 20 large emboli before the vessel occluded (2) . Most frequently these emboli formed by dislodging from the vessel wall. As a consequence of this embolization, all fibrinogen-deficient arterioles occlude downstream from the injured area where the emboli accumulated (2). All pFN-deficient arterioles that occluded (see below) in our study did so at the site of injury. Thus, pFN is not necessary for anchoring the thrombi to the vessel wall and rather appears to be implicated in fortifying the platelet͞ platelet interactions within the thrombus.
Vessel Occlusion. The polyI-polyC treatment inducing interferons had an apparent antithrombotic effect on the mice. The mean occlusion time of the polyI-polyC-treated mice was a few minutes longer than we generally observe in WT mice. This finding could also be caused by the mixed genetic background of these mice. Thus we made sure to use pFN-positive and pFN-negative littermates, and all of the mice were treated in identical fashion. The lower efficiency of thrombus growth in pFN-deficient arterioles translated into a significant delay in vessel occlusion as compared with the control mice (Fig. 4) . In some pFN-deficient animals, channels opened up through large thrombi, leading to partial or complete dissolution of the thrombus. Other thrombi were continuously eroded from their surfaces (see Movie 1) . The majority of the pFN-deficient arterioles did not occlude by 40 min after the injury, the time when the experiment was terminated (Fig. 4) . The occlusion time of these animals was scored as 40 min and the difference between the pFN-deficient mice and the control mice was highly statistically significant (P Ͻ 0.009) despite the underestimate of the actual occlusion time in the mice lacking pFN. It is most likely that the observed defect in platelet cohesion was caused by a deficit of pFN rather than lack of platelet ␣-granule FN function, as the platelet FN was not completely eliminated by the polyI-polyC treatment, as discussed above. Nevertheless, the contribution of ␣-granule FN or its complex, e.g., fibrinogen-FN, cannot be excluded.
The thrombotic phenotype of the pFN-deficient mice was different from those of all genetically modified mice we have observed in this assay in our laboratory to date. Unlike the situation in all of the other mutant mice, thrombus progression in pFN-deficient mice was abnormal from beginning to end. The platelets appeared less sticky to one another and, even in aggregates, they dissociated more easily than did control platelets (Movie 1). This defect in aggregation was shear-dependent as it was not seen in standard in vitro aggregation assays nor was it reflected in the mouse tail bleeding time (11) . This finding is reminiscent of CD40LϪ͞Ϫ mice that also had normal platelet aggregation in an aggregometer and normal bleeding time but presented thrombus instability specifically at arterial shear rates (15) . In the same intravital arterial thrombosis model, the pFN deficiency produced a more severe defect than that of CD40L. Absence of pFN affected the growth of both small and large thrombi (Fig. 3) , whereas CD40L affected the stability only of large thrombi. It was hypothesized that CD40L promotes platelet activation as it induces platelet spreading (15) . pFN does the same (16) and, in addition, its large dimeric size may crosslink the platelets. vWF function is enhanced at high-shear conditions possibly by conformational changes occurring in the vWF binding site for its platelet receptor GPIb (17) (18) (19) . FN is also known to undergo conformational changes under mechanical stress (20) and thus its function may also be modulated by flow. Sixma and colleagues (21) (22) (23) (24) have reported a contribution of FN to platelet adhesion especially under high shear conditions.
The effect of pFN on platelet aggregation is likely through the major platelet integrin ␣IIb␤3, although it could also function through other receptors. Because FN can bind both fibrin(ogen) and thrombospondin, it could also contribute to crosslinking among these proteins and with platelets (8, 9) . Thrombasthenic platelets (lacking integrin ␣IIb␤3) stimulated with thrombin were shown to bind FN poorly in comparison with stimulated WT platelets (25) . In addition, the ligand mediating the residual platelet aggregation in the vWF͞fibrinogen doubly deficient mice likely interacts with the ␣IIb␤3 integrin as we observed that platelets deficient in this integrin do not form any thrombi in this thrombosis model (unpublished data). ␣IIb␤3 integrin also probably internalizes pFN into ␣-granules as it does fibrinogen. Platelet fibrinogen is greatly reduced in Glanzmann thrombasthenic platelets (26, 27) and ␤3-deficient mice (28) . Furthermore, in the absence of fibrinogen (2) or in mice with a mutation of the ␣IIb␤3-binding sequence of fibrinogen (29) , platelets have elevated FN levels (unpublished work), suggesting enhanced uptake of pFN in the absence of competing fibrinogen. However, this cannot be the only source of platelet FN because ␤3-null mouse platelets still contain some FN (unpublished data). Other potential sources of platelet FN include uptake by other pathways or synthesis in the megakaryocyte lineage. It is possible that this residual platelet FN contributes to platelet thrombus formation and that complete absence of FN might yield even more radical defects.
In conclusion, it appears that, in addition to vWF and fibrinogen, FN contributes significantly to thrombus development in arteries. Each of these adhesion molecules may have its own special function: vWF in initiating single platelet adhesion and supporting platelet͞platelet interactions at extreme shear rates, fibrinogen͞fibrin in providing thrombus stability by anchoring it to the vessel wall, and finally FN in gluing the platelets to each other at all stages of thrombus growth. It is likely that this fundamental role of FN remained unnoticed because of the severe consequences of FN deficiency to embryonic development and also because most in vitro studies in the past were performed under static or low shear rate conditions. The time needed to form an occlusive thrombus in an injured arteriole was determined in 9 control and 12 pFN-deficient animals. Occlusion was noted when blood flow completely stopped for at least 10 s. If this did not occur during the observation period of 40 min, 40 min was taken as the occlusion time. The majority of vessels did not occlude in pFN-deficient mice, whereas this happened in only two control animals. Thus there was a significant defect in generation of occlusive thrombi in the absence of pFN. P Ͻ 0.009.
